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INTRODUCTION 
Southern leaf blight is a corn disease with worldwide distribution 
(51). It is caused by the fungus Cochliobolus heterostrophus (Drechsler) 
Drechsler. Names referring to the asexual stage of heterostrophus 
include Helminthosporium maydis Nisikado and Miyake, Drechslera maydis 
(Nisikado and Miyake) Subramanian and Jain, and Bipolaris maydis (Nisikado 
and Miyake) Shoemaker (1). C. heterostrophus has two races which differ 
in their ability to produce a host-specific toxin (T-toxin). Both races 
produce mild disease on corn with normal (N) cytoplasm; race T, however, 
which produces T-toxin, causes severe disease on corn with Texas male 
sterile cytoplasm (T-cms). Race 0, which does not produce T-toxin, causes 
mild disease on T-cms corn (13). Only one gene (Toxl) controlling T-toxin 
production is known (64). Race T was unknown in the United States before 
1969, and the vulnerability of T-cms corn to heterostrophus was not 
anticipated. Widespread planting of the susceptible host (over 80% of the 
U. S. corn was T-cms) and the presence of race T combined with favorable 
weather to produce the southern leaf blight epidemic of 1970 (13). 
Following the epidemic, T-cms corn was replaced with normal cytoplasm 
corn, eliminating the selective advantage of race T over race 0. The 
frequency of race T in the pathogen population subsequently declined to 
very low levels (29). Since race T differs from race 0 in its ability to 
produce toxin, its decline suggested that TOXl, the allele for toxin 
production, was decreasing pathogen fitness. I examined this hypothesis 
using strains of C. heterostrophus which were near-isogenic except for the 
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gene for toxin production. Fitness was measured in the field by inocu­
lating normal cytoplasm corn with a mixture of the strains and determining 
the change in relative frequency of the strains during the season. Fit­
ness was also measured by comparing lesion lengths, spore viability, and 
infection efficiency of race T and race 0 strains. 
Explanation of dissertation format 
This dissertation contains a comprehensive review of literature, a 
research paper suitable for submission to Phytopathology, and a general 
summary. Additional information is included in the appendices. 
History of the southern corn leaf blight 
The history and importance of the 1970 southern leaf blight epidemic 
has been reviewed by Tatum (63), Hooker (13), and Ullstrup (67). There­
fore, I will only outline the events associated with the epidemic. 
Prior to 1959, heterostrophus was considered a corn pathogen of 
minor importance in the United States (13). It produced small, parallel-
sided lesions with little chlorosis on leaves and was controlled with host 
resistance genes (13). Unusual susceptibility to heterostrophus of 
corn lines with Texas male sterile cytoplasm was first noted by Mercado 
and Lantican in the Philippines in 1957 (34). Irregularly shaped lesions 
were produced which enlarged and coalesced, causing premature drying and 
death of the plant. A backcrossing program was initiated to move male 
sterility into a resistant line, but male sterile lines remained suscep­
tible even after seven backcross generations (34). Further studies showed 
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that extreme susceptibility of T-cms corn was transmitted in the cytoplasm 
along with the male sterility factor and was not altered by fertility 
restoring genes or negated by nuclear genes for resistance (69). The 
authors assumed that increased disease severity was caused by increased 
susceptibility of the host rather than increased virulence of the patho­
gen. They did note, however, that the level of disease was greater than 
any that had been observed before, even on susceptible lines (59), sug­
gesting that pathogen virulence may have increased. 
Increased susceptibility of T-cms corn to heterostrophus was first 
observed in the United States in 1969, when fields with T-cms corn in 
southern Iowa, Illinois, and Indiana became diseased (67). Leaves were 
blighted and ears developed a gray rot (14). Hooker et al. (14) deter­
mined that the heterostrophus isolates causing severe disease produced 
a pathotoxin in culture which was specific for T-cms corn. Culture fil­
trates of the pathogen killed roots of T-cms seedlings but did not injure 
roots of N-cytoplasm seedlings. When plants were sprayed with a conidial 
suspension, lesions on N-cytoplasm seedlings were small and brown to tan 
with a reddish border, while lesions on T-cms seedlings were considerably 
larger and light tan without a distinct border. The authors suggested 
that the pathogen represented a new race. Smith et al. (58) collected 
lesions in Illinois corn fields in 1969 and compared the isolates with 
ones collected before 1963. They found that 1969 isolates differed from 
pre-1953 isolates in their virulence on T-cms corn, and designated the 
more virulent isolates race T and the less virulent isolates race 0. Race 
T was highly virulent on T-cms corn, produced a toxin which was specific 
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for T-cms corn, attacked leaf sheath, husk, ear, and stalk tissue, and 
caused large, spindle-shaped lesions with a chlorotic border on leaves. 
Race 0, on the other hand, showed no specificity to corn cytoplasm, did 
not produce a cytoplasm-specific toxin, affected mainly leaves, and caused 
small, parallel-sided lesions with little chlorosis (13, 15). 
The 1970 epidemic appeared to start in Florida, where blight was 
widespread in February and March. The disease then spread throughout the 
South, reaching epidemic proportions in June. By the end of August, corn 
was blighted throughout the eastern United States (35). The disease was 
most severe in the South and the Corn Belt, where state-wide yields were 
reduced 20-50 percent and many fields were complete losses. In addition 
to the losses caused by rotting of ears and reduced kernel weights, con­
siderable grain was not harvested because of lodging caused by stalk 
infections (67). The total loss attributable to blight in the United 
States was estimated to be 710 million bushels or about one billion 
dollars (13, 63). 
Fears of similar losses in 1971 were not realized. Race T overwin­
tered in the Midwest in 1970-1971 (57) and caused epidemics of local 
origin in some areas of the southern Corn Belt, but cool, dry weather 
reduced disease spread in most parts of the United States (13, 57). Most 
corn planted in the South had normal cytoplasm in 1971, reducing disease 
problems. Grain yield in the United States reached a near record in 1971, 
and the increased supply of N-cytoplasm corn was sufficient to meet needs 
for resistant seed in 1972 (57). 
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The origin of race T 
The apparently sudden appearance of race T in the United States 
caused considerable speculation concerning its origin. Leonard (23) sug­
gested that race T appeared in the Midwest in the late 1960s, either as a 
recent mutation or by introduction. Nelson (42), however, contended that 
race T had been present in high frequency since the 1950s, but that its 
fitness had been low, preventing it from causing severe symptoms on T-cms 
corn prior to 1969. 
Leonard's hypothesis is based on observations that increased suscep­
tibility to C. heterostrophus was not observed on T-cms corn in the U.S. 
prior to 1969, and that heterostrophus isolates obtained prior to 1968 
were race 0 rather than race T. Hooker (cited in 14), for example, inocu­
lated normal and T-cms corn with a group of isolates collected in Illinois 
prior to 1963, but did not detect a difference in reaction. Similarly, 
Scheifele and Nelson (cited in 54) were unable to detect any cytoplasm-
specific differences in Pennsylvania in 1969. Foley and Knaphus (6) 
detected race T on kernels of corn ears stored in 1968 but not on ears 
stored in 1964 or 1967. Leonard concludes from these observations that 
race T was probably not present in the United States before 1968 (26). An 
additional argument that race T is new is based on mating type data. All 
of the race T isolates collected in the Midwest (25/25) and most of the 
race T isolates collected in the South (33/45) in 1970 were mating type 1 
(previously called mating type A), suggesting a single source of inoculum 
(23). In 1971, the frequency of mating type 1 in the race T population 
remained high in the Midwest (50/50 isolates) but declined to less than 
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50% (107/230 isolates) in the South (26). Leonard suggests that race T 
acquired mating type 2 (previously called mating type a) in the South by 
recombination with race 0. The frequency of mating type 2 isolates in­
creased compared with mating type 1 isolates, presumably because a gene 
linked to the mating typs 2 allele was favored by natural selection. The 
rapid increase of mating type 2 suggested that the mating type 2 allele 
was not deleterious and that the high frequency of mating type 1 in 1970 
was the result of recent introduction of race T with mating type 1 rather 
than natural selection of mating type 1 from an existing population of 
race T. Leonard concludes that race T was created by a recent mutation of 
race 0 or was introduced on contaminated seed from another part of the 
world (25). 
This argument is reasonable based on the data collected, although 
sample sizes were small. The presence of race T with mating type 2 in 
1970, however, suggests that race T may have existed in the United States 
prior to 1968, but remained undetected because of low aggressiveness or 
unfavorable weather. Since the perfect stage of C. heterostrophus appears 
to be rare in the field (see below), movement of the mating type 2 allele 
into race T by genetic recombination seems unlikely. If race T with 
mating type 2 existed in the South before 1970, it may have been better 
adapted to the area than the race T with mating type 1 from the Midwest, 
and therefore increased in frequency in 1971 when blight was limited and 
infections were mostly of local origin. A similar event may have occurred 
in Pennsylvania, where 3% of the race T isolates (20/592) were mating type 
2 in 1970 (41). The frequency shifted to 28% mating type 2 by 1972 
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(52/189 isolates)(43). 
Nelson et al. (42) contend that race T was not a recent introduction 
but had been present in high frequency in the U.S. since 1955. This 
hypothesis is based on assays of cultures from diseased leaves collected 
from 1955 to 1967; 174 of 192 isolates (90%) had race T specificity, 
leading the authors to conclude that race T had been a prevalent race for 
many years (39, 42). Leonard (25), however, suggests that the race T 
isolates examined by Nelson were contaminants rather than the original 
cultures, since heterostrophus can rapidly colonize dry leaves incu­
bated in moist chambers (25). This hypothesis is strengthened by the 
observation of Nelson et al. (42) that the isolates which had been in 
continuous culture rather than stored on leaves (and were therefore less 
likely to become contaminated) were all race 0. Nelson argues that the 
isolates in continuous culture were originally race T but had lost viru­
lence during subculturing. Loss of virulence in culture has been observed 
in other plant pathogens, but it seems unlikely that all race T strains of 
the 116 isolates maintained in culture would have lost race T virulence. 
4 weakness of Nelson's theory is that host specificity characteristic 
of race T was not observed in the United States before 1969. To explain 
this anomaly, Nelson (38) suggests that the earlier race T isolates were 
less fit than 1970 race T isolates, producing fewer spores and colonizing 
leaves less rapidly. Nelson claims that lower fitness was caused by 
growth of these race T isolates on resistant (N-cytoplasm) cultivars (52) 
and that toxin production is inactivated on resistant hosts. According to 
this theory, the increased use of male sterile hybrids in the 1960s grad­
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ually reactivated toxin production and selected for race T isolates with 
improved fitness (40). Thus, fitness is a plastic phenotype controlled by 
the host rather than an inherent characteristic of the pathogen. Because" 
T-cms corn was in use before 1960, however, it is difficult to understand 
why increased susceptibility of T-cms corn was never observed if 90% of 
the pathogen population was race T. Nelson's hypothesis is difficult to 
rationalize. 
An alternative explanation for the origin of race T assumes that race 
T is less fit than race 0 on N-cytopi asm corn, causing the frequency of 
race T to remain low when most corn had N-cy topi asm. Assuming that the 
mutation rate from race 0 to race T is higher than or equal to the muta­
tion rate from race T to race 0, race T should have appeared many times 
and been detected if toxin production had no effect on fitness. If toxin 
production debilitated race T, however, race T would not increase in the 
pathogen population until it had a selective advantage over race 0. En­
hanced virulence needed to be combined with adequate aggressiveness, and 
few strains would be expected to have this combination at any time. In 
addition, widespread planting of a susceptible host and favorable weather 
would be required if race T was to increase in frequency; these conditions 
were apparently present in 1959 and 1970. This hypothesis is consistent 
with the observation (discussed below) that race T decreased to undetect­
able levels after T-cms corn was replaced with N-cytoplasm corn in 1971 
and 1972, with Leonard's observation that much of the race T inoculum in 
1970 appeared to come from a single source, and with the appearance of 
mating type 2 in the South. If race T is less fit than race 0, it would 
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not be expected to be present in measurable frequencies unless it had a 
strong selective advantage. 
T-toxin 
The production of a host-specific pathotoxin provides race T with a 
selective advantage over race 0 on T-cms corn. Hooker et al. (14) were 
the first to observe that filtrates from cultures of heterostrophus 
isolates collected in 1969 killed the roots of T-cms seedlings but had no 
effect on normal cytoplasm seedlings; they named the selective factor T-
toxin. The correlation of race with the production of T-toxin suggested 
that T-toxin production determined pathogen race (15, 58). 
The genetic association of T-toxin production with virulence was 
first examined by Lim and Hooker (31). They crossed race 0 and race T 
isolates and observed a 1:1 segregation of both race 0 to race T progeny 
and toxin-producing to non-toxin-producing progeny, suggesting single gene 
control. All progeny which produced T-toxin were also race T; a few race 
T isolates did not produce detectable toxin, but this was attributed to 
limitations of the toxin assay. The association of toxin production and 
specific virulence was confirmed by Yoder and Gracen (74) and Yoder (72), 
who crossed field isolates and found no exception to the correlation of 
toxin production and race T virulence among the progeny. The locus con­
trolling toxin production has been named Toxl (19). Results from studies 
of forced heterokaryons suggest that toxin production is dominant or semi-
dominant; accordingly, the alleles were designated TOXl for toxin produc­
tion and toxl for lack of toxin production (19). 
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Physiological studies support the genetic evidence that T-toxin plays 
a vital role in race T virulence. Like race T, T-toxin has specific 
activity toward T-cms corn. T-toxin can be detected in both T-cms and 
normal cytoplasm corn leaves infected with race T, showing that T-toxin is 
produced during infection and is not an artifact of in vitro culture (32). 
T-toxin causes leaf chlorosis (72), collapse of leaf protoplasts (45) and 
damage of both isolated and in vivo mitochondria (76) on T-cms corn but 
does not affect N-cytoplasm corn at similar toxin concentrations. Since 
susceptibility to race T is cytoplasmically inherited, the specificity of 
T-toxin toward mitochondria suggests that T-toxin causes race T specific­
ity. There is considerable evidence (4, 35, 53) that mitochondria are the 
sites of toxin action. There is also evidence that the traits of cyto­
plasmic male sterility and toxin sensitivity result from a common muta­
tion. Toxin-resistant plants selected from a cell culture of T-cms corn 
were concomitantly male-fertile, suggesting that a single genetic change 
caused alteration of both toxin sensitivity and male fertility characters 
(II, 12). These traits may be coded by mitochondrial DNA; restriction 
analysis has shown distinctive differences between T-cms and N-cytoplasm 
mitochondrial DNA, but not between T-cms and N-cytoplasm chloroplast DNA 
(48). In addition, the translation products produced by N-cytoplasm 
mitochondria and T-cms mitochondria differ; T-cms mitochondria produce a 
peptide which is not synthesized by mitochondria of N-cytoplasm corn (7). 
Additional evidence that T-toxin has a role in virulence comes from 
studies of toxin analogs. T-toxin consists of the same complex of mole­
cules in all isolates examined (45); a series of seven to nine similar 
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polyketols with 35 to 45 carbon atoms each and no nitrogen atoms (4). 
Synthetic analogs of T-toxin duplicate its physiological effects on and 
specificity for T-cms corn (17, 61), implying that the structure proposed 
for T-toxin is correct and that the molecule has a role in race speci­
ficity. 
Genetic, physiological, and structural evidence strongly imply that 
T-toxin is required for the high virulence of race T on T-cms corn (73). 
Although the circumstantial evidence is very strong, T-toxin cannot be 
proven to be a determinant of virulence (to the exclusion of a gene 
closely linked to the toxin locus) until the allele for toxin production, 
TOXl, is cloned into a race 0 strain and changes it to race T. This 
experiment has not been done because gene cloning has not been possible in 
C. heterostrophus until recently. Now that C_^ heterostrophus has been 
transformed with foreign DNA (56), the role of T-toxin in pathogen viru­
lence may be proven soon. 
The non-protein nature of T-toxin indicates that it is not a primary 
gene product but is formed by a series of metabolic steps. It is very 
likely that T-toxin synthesis is controlled by more than one gene, but 
evidence for multiple genes has not been conclusive, and Toxl is the only 
known gene controlling toxin production. Yoder and Gracen (74) and Yoder 
(72) observed 1:3 and 1:7 (toxin producing to non-toxin producing) as well 
as 1:1 segregation ratios for toxin production when race T and race 0 
field isolates were crossed, suggesting that more than one gene control­
ling toxin production was segregating. Fertility of these crosses was 
low, however, and the authors postulated that preferential death of race T 
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progeny could have caused the ratios observed. Taga et al. (62) also 
observed skewed segregation ratios in certain crosses of race 0 with race 
T isolates, but they concluded that this was probably caused by non-random 
abortion of ascospores, resulting in preferential recovery of race 0 
progeny. Their conclusion was based on the observation that the ratios 
were most skewed in asci in which most of the spores had aborted. In 
every cross in which fertility was high, segregation was always 1:1 (62). 
Relatively few strains have been examined, however. Failure thus far to 
detect multiple genes controlling toxin production may indicate that 
mutations in other genes of the toxin production pathway are lethal. 
Tegtmeier et al. (64) found that the amount of T-toxin produced in culture 
equals about 2% of the mycelial dry weight of the race T strains examined, 
implying that the manufacture of T-toxin in the cell is a major metabolic 
event. If so, toxin may be a by-product of a vital pathway and mutations 
in this pathway would be likely to be lethal. 
Pathogen fitness 
Following the replacement of T-cms corn with N-cytoplasm corn in 1971 
and 1972, the frequency of race T decreased in the pathogen population. 
Race T represented 90 to 100 percent of the heterostrophus isolates 
collected in 1970 and 1971 (23, 41). By 1972, the relative frequency of 
race T was still over 90% (189/204 isolates) in Pennsylvania (43) but had 
dropped to 17% (5/30 isolates) in North Carolina (27). In 1973, the 
frequency of race T on N-cytoplasm corn dropped to 57% (12 of 21 isolates) 
in Pennsylvania (3) and to undetectable levels (0 of 28 isolates) in North 
13 
Carolina (27). Leonard (29) continued to monitor race frequencies in the 
South until 1976, but isolated race T from N-cytoplasm corn only if it was 
close to heavily infested T-cms corn. Smith (57) sampled T-cms and N-
cytoplasm corn in 24 locations throughout the eastern United States (in­
cluding Pennsylvania and North Carolina) five times yearly from 1974 to 
1984; he detected race T only three times from single locations. Race 0, 
however, was detected at an average of 61 percent of the locations each 
year. 
The decline of race T in the pathogen population appears to support 
the hypothesis that the gene for toxin production decreases pathogen 
fitness. Blanco and Nelson (2) were the first to suggest that race T was 
less fit than race 0 and predicted that race 0 would become the dominant 
race on N-cytoplasm corn. Leonard (28) suggested that the difference in 
fitness was caused by the gene for toxin production, and implied that the 
decline of race T observed in the field supported the stabilizing selec­
tion hypothesis. Van der Plank (68) has suggested that unnecessary viru­
lence genes reduce pathogen fitness; the resulting decrease of strains 
with unnecessary virulence genes in the pathogen population is called 
stabilizing selection. The decline of race T and its relationship to 
stabilizing selection is of interest to plant pathologists and plant 
breeders because strategies for the management of resistance genes assume 
that stabilizing selection is common (8). The effect of the toxin locus 
on pathogen fitness is also of interest to seed companies, as inability to 
use male sterile lines significantly increases the cost of producing 
hybrid seed (63). If toxin production is associated with lower pathogen 
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fitness, the use of male sterile lines (at least on a limited basis) may 
be possible without causing the development of an epidemic. 
Determining differences in pathogen fitness 
The effect of a virulence gene on pathogen fitness can be measured 
either by examining a population at linkage equilibrium or by comparing 
strains which differ only in the virulence gene (22, 71). Thus, the 
effect of the toxin locus on fitness can be determined from race surveys 
only if C_^ heterostrophus can be shown to undergo frequent genetic recom­
bination in the field. It is invalid to draw conclusions about the effect 
of a single gene on fitness from surveys of a population that is not in 
linkage equilibrium (71). As discussed below, there is little evidence of 
genetic recombination in field populations of heterostrophus. Thus, a 
gene reducing pathogen fitness in a race T strain would tend to remain 
associated with the toxin production gene even if the genes were not 
closely linked. Race surveys alone therefore do not provide information 
about the effect of the toxin locus on pathogen fitness. 
Although the sexual stage of C. heterostrophus is readily induced in 
culture by crossing strains of opposite mating type, there is little 
evidence that the sexual stage occurs in the field. Drechsler (5) and 
Leonard (24) observed pseudothecium formation on naturally-infected leaves 
from the field which had been incubated in a moist environment. No pseu-
dothecia were observed, however, on the leaves before they were incubated 
in artificial conditions. There are only two reports of the sexual stage 
in the field. Roane (50) claimed to have found the perfect stage on maize 
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in Virginia, but did not indicate how he identified the ascocarps. He 
stated that the pseudothecia usually occurred on or near the sheath-blade 
junction. Schenck "(55) also described perithecia which he identified as 
heterostrophus on senescent corn leaves in the field in Florida. He 
stated that they were found only at the junction of the leaf sheath and 
the blade (the same part of the plant where Roane observed ascocarps). 
The fungus was later identified, however, as Phaeosphaeria herpotricha 
rather than C. heterostrophus (56). Schenck's incorrect identification 
suggests that the ascocarps observed by Roane could also have been incor­
rectly identified. 
The apparent rarity of sexual structures in the field implies that 
genetic recombination by sexual means is also rare. If so, parasexuality 
may provide a means for genetic recombination in the field. Leach and 
Yoder (20) examined C. heterostrophus for evidence of a parasexual cycle. 
They found that heterokaryons formed between complementing auxotrophic 
colonies but were not maintained on non-selective media. When approxi­
mately 10^ conidia were screened for evidence of recombination, no para­
sexual recombinants were detected. In addition. Leach and Yoder (21) 
showed that heterokaryon formation was restricted by genes for hetero-
karyon incompatibility in field isolates. They concluded that parasexual 
recombination in the field is unlikely, and that mechanisms for genetic 
recombination appear to be limited in heterostrophus populations. 
Mutation, therefore, may be the most important means of generating genetic 
variation in natural populations. 
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Garter and Yoder (10) collected evidence that genetic recombination 
may in fact be very limited. They examined two restriction-enzyme poly­
morphisms in mitochondrial and ribosomal DNA of 23 field isolates of 
diverse geographic origin. The polymorphisms each had two distinct types 
(Type I and Type II) differing in fragment size. Although the poly­
morphisms segregated independently in laboratory crosses, in 22 of 23 
field isolates only two different combinations of polymorphisms were 
observed; these isolates either had Type I of both polymorphisms or Type 
II of both polymorphisms. This suggests a low level of genetic recombina­
tion in nature. Although it was not discussed by Garber and Yoder, it is 
interesting to note that all nine of the race T isolates with mating type 
1 from the continental United States had the same polymorphism combina­
tion. The mating type 1, race T isolates from Hawaii and Mexico (1 each), 
however, had the alternate polymorphism types. Although the sample is 
small, the data support Leonard's hypothesis that race T had a single 
origin in the United States rather than multiple origins (26). Both 
polymorphism genotypes were present in race 0 isolates from the United 
States. If race T had arisen by mutation several times from indigenous 
race 0 strains, race T in the U.S. would be expected to have both poly­
morphism genotypes. 
If heterostrophus does not recombine frequently in the field, 
experiments which account for the presence of additional fitness genes are 
required to assess the effect of the toxin locus on fitness. Two studies 
comparing the fitness of race 0 and race T on N-cytoplasm have been 
reported: a field experiment by Blanco and Nelson (2) and a greenhouse 
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selection study by Leonard (28). 
The objective of Blanco and Nelson's study (2) was to compare the 
fitness of race T and race 0 strains on normal cytoplasm corn in the 
field. They inoculated a field plot in Pennsylvania with 15 race T and 17 
race 0 isolates of diverse origin. The disease was allowed to spread 
naturally during the summer and plants were left in the field over the 
winter. Cultures of C. heterostrophus were isolated from 129 overwintered 
lesions. Of these, 95% were race 0 and 5% were race T. Blanco and Nelson 
concluded that race 0 was superior to race T in its ability to survive and 
that race 0 would become the dominant race on N-cytoplasm corn. Since 
isolates with unknown genes for fitness were used, however, the study 
could not distinguish between differences in fitness caused by the toxin 
locus and differences caused by other genes. In addition, a mixture of 
isolates was used, so that the proportion of race 0 isolates with greater 
fitness could not be determined. Thus, if one race 0 line had very high 
fitness but the other race 0 lines had very low fitness, race 0 could 
appear more fit than race T even though most race 0 isolates may have been 
generally less fit than the race T isolates. It is, therefore, difficult 
to draw general conclusions about the effect of race on pathogen fitness 
from this study. 
A greenhouse study which distinguished the effect of the toxin locus 
and closely linked genes on fitness from the effect of other genes was 
conducted by Leonard (28). He used 12 backcrosses to develop lines of 
heterostrophus near-isogenic for toxin production, then inoculated N-
cytoplasm plants with a mixture of 30 race 0 and 30 race T siblings. The 
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mixture was passed through five infection cycles, and race and mating type 
frequencies were determined at each generation. The frequency of race T 
appeared to decline compared with race 0; the selection coefficient 
(0.12), however, was not significantly different from zero. 
Leonard also examined 19 race 0 and 16 race T near-isolines individ­
ually for differences in growth rate, number of lesions produced, and 
lesion size. The mean lesion length of the race 0 lines was 10% greater 
than that of the race T lines; Leonard does not indicate whether this 
difference is significant. Differences in lesion length were not corre­
lated with in vitro growth rates; race T grew significantly faster than 
race 0 at 28 and 32°C and at the same rate at 20, 24, and 36°C. There was 
no significant difference in mean number of lesions produced by race T and 
race 0 lines. Leonard also examined alleles at the mating type locus for 
differences in fitness. There was no significant difference in growth 
rate or lesion size associated with mating type, nor did mating type 
frequencies change significantly in the selection study. Lines with 
mating type 1 induced significantly more lesions than lines with mating 
type 2, however. 
Leonard concluded from these studies that the presence of an unneces­
sary virulence gene (TOXl) could reduce the fitness of race T lines by 10-
12%, and that the mating type alleles appeared selectively neutral based 
on growth rates and the selection study. The conclusion that the toxin 
gene affects fitness is questionable since differences between races were 
not clearly significant. The selection study also has the disadvantage 
that it used a mixture of race 0 and race T lines, and the final frequen­
19 
cies of race T and race 0 may have been determined by only a few isolates. 
These isolates may not be representative of the race as a whole, and the 
increased fitness of isolates which predominated may have been determined 
by genes affecting fitness other than Toxl. 
Leach et al. (18) also compared growth rates of near-isolines of C. 
heterostrophus but found no important differences between race 0 and race 
T. Race T grew 6% faster than race 0 at 21 and 24°C on complete medium 
(CM), but there were no differences in growth rate at other temperatures 
on CM and no differences at any temperature on potato juice agar. They 
concluded that there was little or no difference in growth rate associated 
with race. 
Summary 
A difference in fitness between race 0 and race T of heterostro­
phus is suggested by the apparent rarity of race T prior to 1959, the 
decrease in frequency of race T after 1971, and field and greenhouse 
experiments. The association of race T with decreased virulence is con­
sistent with the theory of stabilizing selection. Since C. heterostrophus 
does not appear to recombine frequently in the field, however, the effect 
of the toxin gene on pathogen fitness cannot be determined from race 
surveys and studies (such as Blanco and Nelson [2]) which do not account 
for other fitness loci. The study by Leonard (28) that attempted to 
eliminate the effects of other loci was inconclusive. Thus, the effect of 
the toxin gene on the fitness of C^ heterostrophus is unknown. The objec­
tive of my research was to determine the effect of alleles at the Toxl 
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locus on the fitness of Cochliobolus heterostrophus on normal cytopl 
corn. 
21 
REDUCED FITNESS ASSOCIATED WITH TOXl 
OF COCHLIOBOLUS HETEROSTROPHUS 
ON NORMAL CYTOPLASM CORN 
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INTRODUCTION 
Cochiiobolus heterostrophus (Drechs.) Drechs., anamorphs Bipolaris 
maydis (Nisikado & Miyake) Shoemaker, Helminthosporlum maydis Nisikado and 
Miyake, and Drechsiera maydis (Nisikado & Miyake) Subramanian & Jain (1), 
is the causal agent of southern corn leaf blight. Two races of C. hetero­
strophus which differ in alleles at a host-specific toxin locus (Toxl) 
have been distinguished; strains with TOXl (race T) produce T-toxin and 
cause severe disease on corn with Texas male sterile cytoplasm (T-cms), 
while strains with toxl do not produce T-toxin (race 0) and cause mild 
disease on T-cms corn. Both races cause mild disease on corn with normal 
(N) cytoplasm (13, 64). Race T dominated the C. heterostrophus population 
in the United States in 1970 and caused an epidemic of southern leaf 
blight on T-cms corn (13). T-cms lines were rapidly replaced by corn with 
N-cytoplasm after 1970, and the frequency of race T subsequently declined 
to low levels (29). The lack of persistence of race T suggests that race 
T is less fit than race 0 on N-cytoplasm corn, or more specifically, that 
the gene for toxin production reduces pathogen fitness (28). 
Leonard (28) examined this hypothesis in the greenhouse using strains 
backcrossed to near-isogenicity for toxin production. He detected a 12% 
reduction in the fitness of race T strains compared with race 0 strains in 
a selection study on N-cytoplasm corn. This decrease was not significant, 
however. He also observed that the average lesion length induced by race 
0 was 10% larger than the average lesion length produced by race T, but 
did not indicate whether this difference was significant. Blanco and 
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Nelson (2) also observed that race T isolates were less fit than race 0 
isolates in a field study on N-cytoplasm corn. This study did not test 
the effect of the toxin locus on pathogen fitness, however, because a 
mixture of unrelated isolates was used and other genes could have affected 
pathogen fitness. These studies implied that the toxin gene might de­
crease pathogen fitness and that stabilizing selection was operative (28), 
but were not conclusive. 
We therefore re-examined the hypothesis that the gene for toxin 
production debilitates C. heterostrophus on N-cytoplasm corn. Closely 
related race T and race 0 strains were tested in the field and the green­
house for differences in pathogenic fitness. 
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METHODS AND MATERIALS 
Fungal strains, media, cultivars 
Strains used (Table 1) were progeny of backcrosses to C3 (18); gene­
tic nomenclature follows the recommendations of Yoder et al. (75). The 
parents of the initial cross (C3 and 380-2-5 from O.C. Yoder, Cornell 
University) were very closely related. All strains had a gene for cyclo-
heximide resistance (CyhlR) to distinguish them from naturally-occurring 
field strains. Strains K22-R-48 and K22-R-55 were used in the 1983 field 
experiment and strains K36-P2-4-2 and K35-P4-1-3 were used in the 1984 
field experiment. Strains were cultured on complete medium (CM)(18) at 
22-25°C under cool-white fluorescent lights (photosynthetically active 
radiation [PAR] = 55-65 pmol photon m"^ sec"^), crossed on Sach's medium 
(33, 37) in the dark at 22-24°C, and stored either on silica gel (47) at 
5°C or in 15% glycerol at -70°C. Cultures for greenhouse and the 1985 
field inoculations were grown on ground corn leaf agar (GCLA) at 22-24°C 
(PAR = 6 pmol photon m"^ sec"^). GCLA is a medium which yields spores 
similar in quality to those produced on whole corn leaves (65). Corn 
cultivars were Cornell 281 (W182BN X [A632 X A634])(Halsey Farms, Trumans-
burg, NY 14886), W64A, and 837. All had normal cytoplasm and nuclear 
susceptibility to heterostrophus. 
Cycloheximide resistance was determined by incubating mycelial cubes 
(1 mm on a side) on 9 cm plates of CM supplemented with 40 pg/ml cyclo­
heximide. Mating type was determined by noting the presence or absence of 
pseudothecia when isolates were paired with mating type 1 and mating type 
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Table 1. Genotypes of Cochliobolus heterostrophus used in this study 
Cross Backcrosses^ Strain Genotype'^ 
K22 5 K22-R-48 
K22-R-55 
CyhlR 
CyhlR 
MATl-1 TOXl 
MATl-1 toxl 
K36 9 K36-P2-4-2 
K36-P4-1-3 
CyhlR 
CyhlR 
MATl-2 TOXl 
MATl-2 toxl 
K38 10 K38-R-12 
K38-R-15 
K38-R-32 
K38-R-33 
CyhlR 
CyhlR 
CyhlR 
CyhlR 
MATl-2 TOXl 
MATl-2 TOXl 
MATl-2 toxl 
MATl-2 toxl 
K39 11 K39-R-1 
K39-R-10 
K39-R-14 
K39-R-25 
CyhlR 
CyhlR 
CyhlR 
CyhlR 
MATl-1 toxl 
MATl-1 TOXl 
MATl-1 toxl 
MATl-1 TOXl 
^Number of backcrosses to C3 (CyhlS MÀT1-2 toxl). The donor parent 
was 380-2-5 (CyhlR MATl-1 TOXl). The donor parent of each subsequent 
cross was a CyhlR MATl-1 TOXl offspring of the previous cross. 
^Alleles at the Cyhl locus are CyhlR for cycloheximide resistance and 
CyhlS for sensitivity; alleles at the locus are MATl-1 (previously 
MATA) and MATl-2 (previously mata) for opposite mating types; alleles at 
the Toxl locus are TOXl for T-toxin production and toxl for lack of T-
toxin production. 
2 tester strains. Petri plates (9 cm) containing 20 ml Sach's medium were 
flooded with a spore suspension (700 conidia in 3 ml sterile water) of the 
tester strain and covered with a single layer (0.2 g/plate) of sterile, 
naturally senescent corn leaf pieces (sieved through a 5-mm-mesh screen 
and retained on a 0.6-mm-mesh screen). The plates were allowed to dry and 
inoculated 24 hr later with mycelial cubes (1.5 mm on a side); ten iso­
lates were tested per plate. The plates were incubated 7 days in an open 
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plastic bag. 
Toxin production was assayed in the greenhouse (22-28°C) on 2 to 4 
seedlings each of W64A-T (T-cms) and W64A-N (normal cytoplasm) when plants 
had expanded second leaves (49) 7 to 15 days after planting. Whorls were 
filled with a Tween 20 solution (1 drop per 125 ml). Conidia and hyphae 
were scraped from an agar colony with a sterile toothpick to form a dense 
ball (diameter = 2-3 mm). This was distributed among the seedlings by 
dipping the toothpick into the whorls. The amount of inoculum deposited 
on each seedling was not uniform. Controls were race 0 and race T labora­
tory strains. The plants were held at 100% relative humidity at 23-25°C 
for 14 to 18 hr then placed in the greenhouse. Symptoms were observed 4-6 
days after inoculation. Race T was easily distinguished from race 0 by 
its production of bright chlorotic streaks and tan to gray runner lesions 
on W64A-T and small, tan lesions with reddish-brown borders on W64A-N. 
Race 0 caused small tan lesions on both W64A-N and W64A-T. Isolates 
yielding ambiguous symptoms were retested. 
Field experiments 
Cornell 281 was sown (0.76 m row spacing, 28,000 plants/ha) on 0.3 ha 
of a Spill ville loam at Hinds Farm, Ames, Iowa on 29 April 1983, 9 May 
1984, and 3 May 1985. Debris was plowed under prior to planting each 
year. Fertilizer (80 kg/ha N, 70 kg/ha F^Og, 100 kg/ha K^O) was incorpo­
rated at planting. 
Inoculum for selection studies was prepared by growing the race T and 
race 0 strains in flasks containing 50 or 100 ml modified Richard's medium 
27 
broth (150 ml V-8 juice [Campbell Soup Company], 10 g potassium nitrate, 5 
g potassium phosphate monobasic,.0.02 g ferric chloride-6 water, 2.5 g 
magnesium sulfate, 50 g sucrose per liter distilled water) at 22-25°C (PAR 
= 10 ijmol photon sec"^). In 1983, fungus plus liquid (13 days growth) 
from 0.5 L of broth was fragmented briefly in a blender and mixed with 4.5 
kg sandblasting sand. In 1984, fungus only (9 days growth) from 0.8 L of 
broth was fragmented and mixed with 5 kg sandblasting sand. The sand-
fungus mixtures were dried on newspaper at 22-25°C, then tested for via­
bility on CM amended with 100 ijg/ml streptomycin sulfate. The race T and 
race 0 inocula were mixed in equal proportion based on the proportion of 
sand grains bearing viable inoculum. 
Plants were inoculated 6 July 1983 (58 days after planting) and 24 
June 1984 (45 days after planting) by sprinkling 0.1 to 0.8 g of inoculum 
into each whorl. The plot was irrigated every 2-3 evenings, or more fre­
quently in dry weather, for 10 min using overhead sprinklers. 
At least 900 lesions, with no more than one lesion per plant, were 
collected every 3 weeks (1983) or every 2 weeks (1984). Leaves with 
lesions were stored at 5°C in paper bags (1983) or were stored pressed and 
dried at 22-25°C in envelopes (1984) until isolations were made. Lesions 
were surface sterilized for 30-60 sec in 0.5% sodium hypochlorite (10% 
bleach) solution followed by sterile water rinse and placed in a sterile 
moist chamber consisting of a square of wire screen in sterile petri 
plates containing moist filter paper. A single conidium was isolated from 
each sporulating lesion. Colonies were stored on CM at 2-5°C until pheno-
types were determined. 
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Changes in frequency of race T and race 0 cycloheximide-resistant 
isolates were examined using a regression test for a linear trend in 
proportions (59). Confidence intervals were calculated using binomial 
tables (60). 
The 1985 field experiments compared lesion lengths produced by race T 
and race 0 near-isogenic strains. Inoculum was prepared from cultures 
grown 12 days on GCLA. Conidia were suspended in cold (2-5°C) 0.05% water 
agar, filtered through 3 layers of cheesecloth, and stored on ice until 
use. Plants were inoculated using a Chromist sprayer (Gelman Sciences, 
Inc., Ann Arbor, MI 48106) in a randomized complete block design with 3 to 
6 plants per treatment. In trial 1, the 6th leaf of plants in 3 blocks 
was inoculated with 5 ml of a 1000 spores/ml suspension and enclosed in a 
plastic bag 14 hr. In trial 2, the ear leaf of plants in 4 blocks was 
inoculated with 2-10 ml of a 6000 spores/ml suspension and enclosed in a 
plastic bag 26 hr. Lesion lengths in the middle ^ of the leaf were 
measured 2 (trial 2) or 3 (trial 1) weeks after inoculation using a 
dissecting microscope vith transmitted light and a Field Finder slide 
(Teledyne Gurley, Troy, NY 12181) with 0.1 mm divisions. Mean lesion 
lengths were compared using two-way analysis of variance followed by t-
tests. 
Greenhouse experiments 
Inoculum for all experiments was prepared from 13 to 15 day old 
cultures on GCLA using the procedure for 1985 field inoculum. For each 
treatment, 7 to 10 plants in the five-leaf stage (one per 10 cm pot) were 
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placed in an inoculation chamber and the 4th leaves (taped flat horizon­
tally) were inoculated simultaneously using a Chromist sprayer. For 
lesion length tests, 24 ml of a 250 spores/ml suspension were used per 
treatment, giving an average of 0.9 spores/cm^. For infection efficiency 
tests, 48 ml of a 700-1000 spores/ml suspension were used per treatment, 
giving an average of 5.0 spores/cm^. Plants were incubated in a dew 
chamber at 22°C for 24 hr, then placed in the greenhouse. Lengths of 
lesions located in the middle 16 cm of the fourth leaf and at least 5 mm 
from another lesion were measured six days after inoculation using a 
dissecting microscope and a Field Finder slide. Significant differences 
between the mean lesion lengths from each treatment were determined using 
a two-way analysis of variance with trials as blocks and leaves as obser­
vations. In infection efficiency trials, five 9 cm water agar plates were 
placed in the inoculation chamber between the leaves so that the average 
number of germinable spores applied per cm^ could be determined. Lesions 
between 7 and 17 cm from the tip of the fourth leaf were counted 4 to 7 
days after inoculation. Infection efficiency on each leaf was determined 
by dividing the lesions counted per cm^ by the average number of viable 
spores applied per cm^. The mean infection efficiencies for each treat­
ment were compared using a t-test. 
Germination experiments compared the viability of conidia from 14-
day-old cultures on GCLA. In each trial, 170 to 400 spores per isolate 
were examined at 35X for germ tube formation 200 min after placing a spore 
suspension at 200-500 spores/cm^ on water agar. 
An attempt was made to determine sporulation capacity of race T and 
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race 0 strains. Plastic bags were placed over the fifth leaf of plants 
(Cornell 281) in the greenhouse 5 days after inoculation following the 
procedure for a lesion length test. Individual lesions were collected 4 
days later into 2 ml Tween 20 solution (2 drops in 100 ml) and vortexed 30 
sec to dislodge conidia. Spores were counted after the suspension was 
poured onto a water agar plate and the plates were dried in a laminar-flow 
hood. Lesion area was determined with a Field Finder slide. 
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RESULTS 
Race T and race 0 near-isogenic strains were examined for differences 
in fitness in the field during 1983 and 1984. Each year, Cornell 281 was 
inoculated with a mixture containing one strain of each race. The strains 
used in 1983 (K22-R-48 and K22-R-55) were mating type 1 and the strains 
used in 1984 (K36-P2-4-2 and K36-P4-1-3) were mating type 2. Lesions were 
collected throughout the season so that changes in race frequency could be 
determined. All isolates collected in 1983 and 1984 were tested for toxin 
production and cycloheximide resistance (Table 2). A sample of isolates 
collected in 1983 and all 1984 isolates were also tested for mating type. 
All cycloheximide-resistant-(CyhR) isolates from the 1983 sample were 
mating type 1 and all CyhR isolates from 1984 were mating type 2, sug­
gesting no carryover of inoculum in the field from 1983 to 1984. These 
results also suggest that the frequency of CyhlR in the natural population 
was low, since both mating types were present in the cycloheximide-
sensitive (CyhS) population (Table 2), yet no CyhR isolate of the non-
inoculated mating type was detected. Cycloheximide resistance therefore 
appears to be a useful field marker, and CyhR Isolates were considered 
laboratory strains while CyhS isolates were considered field strains. The 
129 CyhS isolates tested in 1983 and all 1984 CyhS isolates were race 0 
(Table 2). 
The relative frequency of the race T strain decreased significantly 
(P [Hg: B = 0] < 0.0001) during the growing season in 1983, from 47% three 
weeks after inoculation to 15% nine weeks after inoculation (Figure 1). 
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Table 2. Frequencies of cycloheximide-resistant (laboratory) and cyclo-
heximide-sensitive (naturally-occurring) C. heterostrophus iso­
lates from a field plot of N-cytoplasm corn (Cornell 281) in 
Ames, IA 
1983* 1984 
Genotype Percent Total Percent Total 
CyhlR TOXl MATl-1 
CyhlR TOXl MATl-2 
CyhlR toxl MATl-1 
CyhlR toxl MATl-2 
35 
0 
65 
0 
927 
0 
19 
0 
81 
1589 
CyhlS TOXl MATl-1 
CyhlS TOXl MATl-2 
CyhlS toxl MATl-1 
CyhlS toxl MATl-2 
0 
0 
32 
58 
575 
0 
0 
64 
36 
653 
®A11 1983 cycloheximide-resistant isolates were tested for toxin 
production. Of these, 89 were tested for mating type. Mating type and 
toxin production were determined for 122 of the 575 cycloheximide-
sensitive isolates. All 1984 isolates were tested for cycloheximide 
resistance, mating type and toxin production. 
In 1984, frequencies of the two strains two weeks after inoculation were 
far from 50% (Figure 2), possibly because of inaccurate determination of 
inoculum viability prior to mixing. However, a significant decrease in 
the relative frequency of the race T strain, from 24% two weeks after 
inoculation to a low of 15% eight weeks after inoculation, was still 
detected (P [Hg: B = 0] = 0.03). The size of the C. heterostrophus 
population was small both years; changes in strain frequency were there­
fore more likely caused by differences in pathogenic fitness than by 
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Figure 1. Changes in frequency of C^ heterostrophus strains (race 0 = 
K22-R-55, race T = K22-R-48) on N-cytoplasm corn (Cornell 281) 
in a field at Ames, lA in 1983. Vertical lines indicate 95% 
confidence intervals 
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Figure 2. Changes in frequency of C. heterostrophus strains (race T = 
K35-P2-4-2, race 0 = K36-P4-1-3) on N-cytoplasm corn (Cornell 
281) in a field at Ames, lA in 1984. Vertical lines indicate 
95% confidence intervals 
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differences in competitive ability. 
We further tested the relative fitness of race 0 and race T near-
isolines by measuring the length of lesions produced on Cornell 281 in the 
greenhouse and the field. The mean length of lesions produced by the race 
T strain was significantly shorter than the mean length of lesions pro­
duced by the race 0 strain in the greenhouse experiments (Table 3). The 
average reduction over three trials was 29% between K22-R-48 and K22-R-55, 
and 30% between K36-P2-4-2 and K36-P4-1-3. The length of lesions produced 
by race T and race 0 near-isolines also differed in the field (Table 4). 
Although lesions produced on mature plants in field conditions were 
smaller than those observed in the greenhouse, significant differences 
between toxin-producing and non-toxin-producing strains were detected in 
both trials. Mean lesion lengths produced by race T were 32% shorter for 
trial 1 and 18% shorter for trial 2 than the mean lengths of race 0 
1esions. 
Race T and race 0 progeny from further backcross generations (K38 and 
K39) were also examined for differences in lesion length in the greenhouse 
on Cornell 281. The same trends were observed in all trials; in spite of 
additional backcrosses, toxin production remained associated with shorter 
lesion length (Table 3). Lesions caused by race T averaged 13% shorter in 
the K38 strains and 18% shorter in the K39 strains than those caused by 
race 0. 
The differences in lesion length observed might have been caused by 
differential reactions of the strains to Cornell 281. Therefore, we com­
pared lesion lengths of race T and race 0 on the two public inbred lines 
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Table 3. Mean length of lesions produced in the greenhouse by 
Cochliobolus heterostrophus strains near-isogenic for toxin 
production 
Lesion length 
Variety Cross Trial Toxr toxl 
Mean 
Difference 
Cornell 281 
W64A 
B37 
K22 
K36 
K38 
K39 
K36 
K36 
1 3.6 5.0 
2 4.0 5.5 
3 4.1 , 6.0 
Mean 3.9 a"^ 5.5 b 29% 
4 3.9 6.1 
5 4.2 6.1 
6 6.6 8.8 
Mean 5.0 a 7.1 b 30% 
7 4.6 6.1 6.5 6.5 
8 6.3 6.7 7.1 8.5 
9 6.6 7.5 7.4 8.1 
Mean 6.0 a 6.9 b 7.1 be 7.8 c 13% 
10 7.5 7.1 9.6 8.2 
11 7.6 9.1 10.3 9.3 
12 6.2 5.5 7.6 7.3 
Mean 7.0 a 7.1 a 9.0 c 8.2 b 18% 
13 4.0 6.6 
14 4.9 7.3 
15 4.5 7.0 
Mean 4.5 a 7.1 b 37% 
16 3.3 5.3 
17 3.1 5.4 
18 3.4 5.3 
Mean 3.3 a 5.3 b CO
 
CO
 
^TOXl strains produce T-toxin, toxl strains do not produce toxin. 
^Means followed by the same letter are not significantly different at 
0.95. 
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Table 4. Mean length of lesions produced by Cochliobolus heterostrophus 
strains near-isogenic for toxin production on N-cytoplasm corn 
(Cornell 281) in a field at Ames, Iowa 
Lesion length (mm) 
K22 K36 
Mean 
Inoculation date TOXl toxl TOXl toxl Difference 
16 June 1985 0.8 a^ 1.3 b 0.9 a 1 .2 b 32% 
21 August 1985 1.3 a 1.7 b 1.4 a 1 .6 ab 18% 
Mean 1.1 1.5 1.2 1. .4 20% 
^Means within an experiment followed by the same letter are 
not significantly different at P = 0.95. 
most widely used in 1970; W64A and B37 (77). The difference between race 
0 and race T near-isolines observed on Cornell 281 was also apparent on 
the inbreds (Table 3); the toxin-producing strain (K36-P2-4-2) had lesions 
averaging 37% shorter on W64A and 38% shorter on B37 than the non-toxin-
producing strain (K35-P4-1-3). 
Differences in the ability of spores from race T and race 0 strains 
to infect and colonize the plant could affect relative fitness. No dif­
ferences in infection efficiency between the race T (K22-R-48, K36-P2-4-2) 
and race 0 (K22-R-55, K36-P4-1-3) strains were observed in nine of ten 
trials (Table 5). A single trial showed a significant difference in mean 
infection efficiency between race T and race 0 strains, but this differ­
ence was not reproducible. The smallest reduction in infection 
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Table 5. Mean infection efficiency of near-isogenic strains of 
C. heterostrophus on N-cytoplasm corn (Cornell 281) in the 
greenhouse 
Infection Efficiency (%) 
Cross Trial TOXl toxl % Difference^ 
K22 1 49 a^ 43 a 27 
2 40 a 34 a 25 
3 52 a 51 a 19 
4 40 a 47 a 28 
5 57 a 72 b 21 
K36 6 44 a 45 a 20 
7 49 a 55 a 18 
8 65 a 58 a 27 
9 63 a 56 a 29 
10 60 a 48 a 28 
^Percent reduction in infection efficiency which could have been 
detected at P = 0.95. 
^Means within a trial followed by the same letter are not 
significantly different at P = 0.95. 
efficiency which could have been detected was 18%. No obvious trends in 
the results were observed. These data suggest tnat any difference in 
infection efficiency between the race T and race 0 strains is small, and a 
more precise procedure will be required to detect it. 
The change in frequency of race T and race 0 observed in the field 
studies could have been related to the viability of conidia produced. No 
difference, however, in spore germinability was observed for either the 
K22 or the K36 pair of race T and race 0 near-isolines (Table 6). The 
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germinability of the conidia produced was very high, averaging 99.0 + 0.3% 
over all trials. 
Differences in the number of conidia produced by a single lesion 
could significantly affect the relative reproductive success of the race T 
and race 0 strains. Experiments designed to measure the number of conidia 
produced per unit area of lesion (sporulation capacity) were unsuccessful. 
Few spores were obtained from most lesions on Cornell 281, but a small 
number of lesions produced many spores. The high variability and skewed 
distribution of the results complicated analysis of spore production. 
Results using a Wilcoxon two-sample rank test (16) showed that lesions 
caused by race 0 strains tended to produce more spores per lesion than 
lesions caused by race T strains. The differences were significant in 3 
of 8 trials. No consistent trend in spores per unit area was observed. 
Table 5. Percent germination on water agar of conidia from 
near-isogenic strains of Cochliobolus heterostrophus 
K22 K36 
Trial TOXl toxl TOXl toxl 
1 99.5* 99.4 
2 99.5 99.3 
3 99.2 99.2 
4 95.8 97.2 
5 99.0 98.7 
5 99.1 98.7 
3paired-difference t-test indicated no significant 
difference between the TOXl and toxl strains of either cross at 
P = 0.95. 
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DISCUSSION 
My data strongly suggest that either the TOXl gene for production of 
T-toxin or a gene closely linked to it reduces the pathogenic fitness of 
race T strains of Cochliobolus heterostrophus. Race T decreased signifi­
cantly in frequency compared with near-isogenic race 0 strains on N-
cytoplasm corn (Cornell 281) in the field in two years of selection exper­
iments. Greenhouse experiments were conducted to examine further the 
differences in fitness observed in the field. Comparisons of lesion 
lengths produced by near-isolines on N-cytoplasm corn in the greenhouse 
verified an association of toxin production with reduced fitness. The 
association of shorter lesion length with toxin production was observed on 
the inbreds W64A and B37 as well as on Cornell 281, indicating that the 
expression of differences in pathogen fitness did not depend on host 
genotype. The differences in lesion length between race T and race 0 that 
I observed in both field and greenhouse suggested that the difference in 
fitness observed in the field experiments may have resulted from 
differences in lesion length. 
Leonard (28) also observed that the mean lesion length of race T 
strains was shorter than that of near-isogenic race 0 strains. The larger 
reduction (an average of 34% on B37 compared with 10% on B37 in Leonard's 
study) that I observed between my near-isolines could be the result of 
different genetic backgrounds of the near-isogenic strains, different 
environments, or differences in experimental technique. 
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Debilitation associated with toxin production might not be charac­
teristic of the average race T population, as only a single source of the 
TOXl allele was examined, and an atypical gene affecting fitness may be 
linked to this particular TOXl allele. However, because my results are 
similar to those obtained by Leonard (28) using a different strain of race 
T, and because race T appears to be less fit than race 0 in the natural 
population, I feel that my results are likely to be generally applicable 
to the race T population. 
These results contrast with those obtained from studies of cereal 
rust pathogens. In most studies, unnecessary virulence genes were common 
in the prevalent strains of rust pathogens on both cultivated and wild 
hosts (44, 70). Thus, unnecessary virulence genes are not necessarily 
associated with reduced fitness. Van der Plank (68) considers stabilizing 
selection to be operative in the parasitic stage of the life cycle of 
obligate pathogens, such as rusts, but to be operative in the overwin­
tering stage of non-obligate pathogens, such as Cochliobolus species. 
Thus, the association of TOXl with reduced fitness of heterostrophus in 
the parasitic stage on N-cytoplasm corn does not directly support Van der 
Plank's hypothesis of stabilizing selection. 
The difference in fitness between the near-isolines was probably 
caused by the toxin locus or a closely linked gene. Assuming 11 back-
crosses and unrelated initial parents, an average of 0.05% of the genome 
unlinked to the toxin locus in race T and race 0 strains would remain 
dissimilar (30). Differences which were linked to the toxin gene would 
average 18 cM, less than 2% of the genome if C. heterostrophus has a 
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genome size similar to Neurospora (1000 cM)(30). The parents of my 
backcrosses, however, are very closely related, and differences in genes 
linked to Toxl are probably much less than 2% of the genome. A strength 
of this study is that progeny from different backcross generations were 
examined for fitness in field and greenhouse studies. Progeny from back-
crosses beyond cross K22 had increased average isogenicity, and examining 
more than one pair of near-isogenic isolates increased my chances of 
detecting segregation of toxin production from reduced fitness. 
If the presence of the toxin gene reduces pathogen fitness on N-
cytoplasm corn, the cause might be reduced metabolic efficiency. Tegt-
meier et al. (64) demonstrated that the amount of toxin produced in cul­
ture represents about 2% of the dry weight of race T strains closely 
related to our strains. This is probably a substantial drain of cell 
resources into the production of an unnecessary metabolite and could 
reduce pathogenic efficiency. It does not appear to affect growth in 
culture, however, as no differences in growth rate have been found between 
near-isogenic race T and race 0 strains (18). 
If the reduction in pathogen fitoess is caused by a gene closely 
linked to the toxin locus rather than the toxin locus itself, this gene 
could still affect race changes in the field. There is evidence that 
heterostrophus undergoes little genetic recombination in the field (10, 
21). A gene might, therefore, remain linked with the toxin locus for a 
considerable time and affect race frequency even if it is not a virulence 
gene (71). 
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My results suggest that the decrease in frequency of race T in the . 
field after 1971 could have been caused, in whole or in part, by TOXl or a 
closely linked gene. Although it dominated the pathogen population in 
1970, race T has been detected rarely in the field since 1975 (29, 57). I 
was also unable to detect race T in the local pathogen population. My 
study supports previous suggestions that race T failed to persist in the 
field because it was less fit than race 0 on normal cytoplasm corn and 
that reduced fitness was associated with the toxin gene (2, 28). The 
reduced fitness of race T implies that it will remain a minor fraction of 
the pathogen population unless its pathogenic fitness is improved or toxin 
production provides a selective advantage (as on T-cytoplasm corn). 
Occasional small-scale plantings of T-cms corn would probably not increase 
the frequency of race T in the general pathogen population. If race T did 
increase in frequency due to large-scale plantings or repeated plantings 
in the same location of T-cms corn, plantings of N-cytoplasm corn would 
likely soon restore race T to a small fraction of the pathogen population. 
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SUMMARY 
This study demonstrated a difference in pathogenic fitness between 
strains of Cochliobolus heterostrophus near-isogenic for toxin production. 
In field selection studies, the frequency of race T decreased signifi­
cantly in relation to race 0 during two years of experiments. Lesion 
length comparisons of near-isogenic race T and race 0 strains from four 
backcrosss generations confirmed an association of race T strains with 
reduced fitness. 
It was not possible to separate the effect of the gene for toxin 
production from that of genes closely linked to it, but the genes asso­
ciated with the toxin locus in this study were likely also associated with 
the toxin locus in race T lines in the field. The decrease in frequency 
of race T after T-cms corn was removed from commercial production could 
have been caused by genes unlinked to the toxin locus. This study sug­
gests, however, that at least part of the cause for decreased fitness of 
race T isolates was the presence of the gene for toxin production. 
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APPENDIX 1. DOSE-RESPONSE CURVE FOR RESISTANCE TO CYCLOHEXIMIDE 
A gene for cycloheximide resistance in near-isolines of Cochliobolus 
heterostrophus served as a marker to distinguish field contaminants from 
laboratory strains. The concentration of cycloheximide used to screen 
isolates for resistance was determined by constructing a dose-response 
curve. Complete medium amended with 10, 20, 30, 40, 50, or 60 pg/ml 
cycloheximide was inoculated with a cycloheximide resistant (380-2-5) and 
a cycloheximide sensitive (Ql= K17-R-12) strain. Blocks of agar and 
mycelium (2x2x2 mm) were placed on 20 plates of each drug concentration. 
Colony diameters were measured every two days to the nearest millimeter. 
Six days after inoculation, the difference between the average diameters 
of 380-2-5 and Q1 was greatest on plates amended with 40 pg/ml cyclohexi­
mide (Figure A.l). Field isolates were therefore scored for resistance on 
complete medium amended with 40 pg/ml cycloheximide. 
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Figure A.l. Average colony diameter of cycloheximide-resistant (Cyh-R) 
and cycloheximide-sensitive (Cyh-S) strains of 
heterostrophus after six days growth on complete medium 
amended with cycloheximide. Vertical lines indicate 99% 
confidence intervals 
APPENDIX 2. DIFFERENCES IN FITNESS OF LABORATORY STRAINS AND FIELD 
ISOLATES 
Cochilobolus heterostrophus lesions were collected from the field 
during the 1983 and 1984 selection experiments of my dissertation re­
search. Both cycloheximide-sensitive and cycloheximide-resistant isolates 
were collected, but the frequency of cycloheximide-sensitive isolates 
appeared to increase during the season both years. Since cycloheximide-
sensitive isolates were field strains and cycloheximide-resistant isolates 
were laboratory strains, I examined this change more closely and compared 
the field isolates with laboratory strains to determine whether they 
differed in fitness. 
Methods 
Isolates collected in the 1983 and 1984 selection experiments were 
categorized as laboratory strains or field isolates based on resistance to 
cycloheximide. Identification was confirmed in isolates from the last 
three samplings of the 1984 experiment by observing colony morphology; 
colonies of laboratory strains were grayish brown in color, and colonies 
of field isolates were either dark green in color or (more rarely) pale 
gray and unusually fluffy. Toxin and mating type assays were performed as 
described in the dissertation. Lesion lengths produced by a race 0 labo­
ratory strain (K22-R-55: toxl MATl-1 CyhlR) and two field isolates col­
lected in 1983 (1-4-5: toxl MATl-2 CyhlS and 1-4-6: toxl MATl-I CyhlS) 
were compared on two-week-old plants of Cornell 281 in a growth chamber 
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(12 hr day, 30°C day/22°C night, PAR = 250 jitnol photon m"^ sec"^). Plants 
(3 per 4" pot, 9-15 per treatment) were sprayed with a conidial suspension 
(10^ spores per treatment In 15 ml 0.05% water agar) and covered with 
plastic bags overnight (15-18 hr). Lesions (20-90 per isolate, mean = 58) 
were measured as described in the dissertation. 
Results 
All cycloheximide-sensitive isolates collected with field morphology 
were presumed to be naturally-occurring field strains. All cycloheximide-
resistant isolates with lab morphology were assumed to be laboratory 
strains. No cycloheximide-resistant isolates with field morphology were 
collected. The few cycloheximide-sensitive isolates collected with lab 
morphology (approximately 1% of total) often grew poorly and were not 
included in the study. Isolates for which morphology was not determined 
were categorized as field or lab strains based only on resistance to 
cycloheximide. 
All field isolates which were assayed for toxin production were race 
0. Race T laboratory strains were therefore not considered in the study. 
The percentage of race 0 isolates identified as laboratory strains de­
creased significantly relative to the naturally-occurring cycloheximide-
sensitive isolates in the 1983 and 1984 experiments (Figures A.2, A.3). 
Mating type was determined for the field isolates collected in 1984; 
changes in frequency of the laboratory strains and field isolates with the 
same mating type (mating type 2) are shown in Figure A.4. The frequency 
of the lab strain decreased significantly during the season compared with 
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Figure A.2. Change in relative frequency of cycloheximide-sensitive (Cyh-
S), naturally-occurring isolates and a cycloheximide-resis-
tant (Cyh-R) laboratory strain (K22-R-55) on N-cytoplasm corn 
(Cornell 281) in a field at Ames, lA in 1983. Vertical lines 
indicate 95% confidence intervals. All strains are race 0 
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Figure A.3. Change in relative frequency of cycloheximide-sensitive 
(Cyh-S), naturally-occurring isolates and a cycloheximide-
resistant (Cyh-R) laboratory strain (K36-P4-1-3) on N-
cytoplasm corn (Cornell 281) in a field at Ames, lA in 1984. 
Vertical lines indicate 95% confidence intervals. All 
strains are race 0 
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Figure A.4. Change in relative frequency of cycloheximide-sensitive 
(Cyh-S), naturally-occurring strains and a cycloheximide-
resistant (Cyh-R) laboratory strain (K36-P4-1-3) on N-
cytoplasm corn (Cornell 281) in a field at Ames, lA in 1984. 
Vertical lines indicate 95% confidence intervals. All 
strains shown are race 0 and mating type 2 
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Table A.l. Average length of lesions produced by race 0 
strains and isolates of C. heterostrophus on N-
cytoplasm corn (Cornell Z81) in a growth chamber 
Lesion length (mm) 
Field isolates^ 
Trial Lab s t r a in^  1-4-5 1-4-6 
1 2 .4  a" :  4 . 8  b 5.1 b 
2 2.7 a 5.3 b 5.9 b 
3 2.2 a 4.2 b 3.9 b 
®l-4-5: toxl MATl-2 CyhlS and 1-4-6: toxl MATl-1 CyhlS. 
bK22-R-55: ^1 ^ 1-1 CyhlR. 
^ Means within a trial followed by the same letter are not 
significantly different (P = 0.95). 
the frequency of mating type 2 field isolates. 
Results of lesion length studies comparing a laboratory strain with 
field isolates were similar in all trials (Table A.l). Significant dif­
ferences were observed between the lab strain and the field isolates but 
not between the field isolates. The mean lesion length of the laboratory 
strain averaged 45% shorter than that of the field isolates. 
Conclusions 
The decrease in the proportion of the laboratory strains in the field 
compared with naturally-occurring isolates suggests that the overall fit­
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ness of the lab strains is lower than that of the field isolates. Lesion 
length studies comparing a lab strain with two field isolates supported 
this hypothesis. It is possible that the changes observed in the field 
were caused by differences in fitness associated with the mating type 
allele (9), since only a single mating type of the laboratory strains was 
tested each year. A similar decrease in frequency was observed, however, 
regardless of the mating type of the strain used for field inoculation 
(mating type 1 in 1983 and mating type 2 in 1984). In addition, th.- same 
trends were observed in the field data whether the lab strain was compared 
with field isolates of the same mating type or with isolates of both 
mating types. In lesion length studies, two field isolates differing in 
mating type were not different from each other but were both significantly 
different from the laboratory strain. Thus, differences in mating type do 
not appear to be the cause of differences in fitness observed between 
field and laboratory isolates. 
The reduced fitness of the laboratory strains could be due to the 
presence of the CyhlR gene; Fry et al. (9) found that it reduced the 
fitness of C. heterostrophus in the field in some experiments but had no 
effect in other experiments. The Cyhl gene did not affect fitness when 
strains differing in alleles at Cyhl were mixed together and inoculated 
onto corn in the field (9). This suggests that the CyhlR gene was either 
not responsible or only partly responsible for the reduced fitness of the 
laboratory strains. 
Debilitating genes present in the original parent lines or lack of 
selection for pathogenic fitness in long-term culture could also be 
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sources of reduced fitness. The genotypes of the original field isolates 
from which the laboratory strains were developed may not have been as 
well-adapted to the environment in which we tested them as local field 
isolates. Reduced fitness of the original parents could therefore have 
caused reduced fitness of the laboratory strains. Another possible expla­
nation for reduced fitness is the genetic adaptation of the strains to 
culture in the laboratory. The laboratory strains have been selected over 
many generations for vigorous growth on artificial media and high sexual 
fertility, characteristics required for reliable manipulation in culture. 
It would not be surprising if some traits required for vigorous, efficient 
parasitism had been lost. 
